In the current study, we analyze the motion of pressurized water molecules in nanopores of a well-crystallized, hydrophobic zeolite using both experiment and molecular dynamics simulation. It is discovered that, contradictory to the prediction of the classic Laplace-Young equation, the required infiltration pressure is highly dependent on the infiltration volume. A modified Laplace-Young equation is developed to take into consideration the effective solid-liquid interfacial tension, the thermal energy exchange, as well as the variation in configuration of confined liquid molecules. The last two factors are significant only when the nanopore diameter is comparable with the liquid molecule size. It is also remarkable that the infiltrated liquid molecules, when confined in the nanoenvironment, could transform from a single-chain conformation to a double-helical structure as the pressure increases, accompanied by an abrupt system free energy change that leads to different pressureinduced transport behaviors.
Understanding nanofluidic behaviors is of great scientific interest and immense technological importance. A large number of experimental and computational studies have been carried out, 1, 2 shedding much light on fundamental mechanisms and processes of liquid, gas, and solid interactions in confining nanoenvironment, which underpin the development of advanced techniques of drug delivery, catalysis, separation and purification, energy conversion, nanofabrication, and so forth. 3, 4 For example, by applying an external pressure, liquids can be forced into hydrophobic nanopores, nanochannels, or nanotubes, which provide an additional degree of freedom for system control and morphology adjustment. 5, 6 In a macroscopic channel, the behavior of a pressurized liquid can be described by the classic Poiseuille flow
where V j is the average flow rate, D is the channel diameter, µ is the liquid viscosity, and δp is the pressure gradient. For a microscopic channel, such as in a microreactor, the capillary effect must be taken into account. The equilibrium is given by the well-known Laplace-Young equation
where ∆γ is excess solid-liquid interfacial tension and p in is the pressure difference across liquid-gas interface at the onset of liquid infiltration, referred to as the infiltration pressure.
As the effective channel diameter approaches the liquid molecular size, the continuum theory may break down. The confined nanofluid is dominated by the interface characteristics. Extensive molecular dynamics (MD) simulations have been carried out on the unique molecular structures and transport behaviors of water inside nanotubes [9] [10] [11] [12] [13] and nanoporous materials. 14, 15 It was found that water molecules may form a quasi-one-dimensional structure when confined by a nanotube. 16, 17 Hummer et al. 18 reported that at a finite temperature an initially empty short carbon nanotube (with both ends open) can be filled instantaneously by surrounding water molecules. Such water infiltration behavior often leads to the conclusion that the tube inner wall is "frictionless", 12, 19 which was supported by testing data. [20] [21] [22] However, most previous studies focused on spontaneous transport of water molecules under ambient conditions. The investigation on pressure-driven infiltration of liquids in nanochannels is still at its early stage. In operations of molecular sieves, 23 nanopipettes, 24 energy absorption systems, 25, 26 and active control systems, 27 external pressures are often applied to force * To whom correspondence should be addressed. E-mail: xichen@civil.columbia.edu. liquids into nanoenvironment. The lack of understanding of the properties of pressurized liquid has imposed tremendous challenges to developing high-performance devices.
In the current study, we investigated a Zeolyst mobilefive-I (MFI) zeolite. The silica/alumina ratio was 280 and thus the nanopore surfaces were hydrophobic, 28 which was verified by using a Micromeritics ASAP-2000 Gas Absorption Analyzer. According to its crystal structure, the surfaceto-surface pore diameter was 0.83 nm. The nanoporous structure/size was confirmed to be highly regular through an X-ray diffraction analysis. 29 The zeolite crystals were first dried in vacuum at 150°C for 12 h and then treated in a nitrogen flow with silicon tetrachloride vapor at 400°C for 1 h. After furnace cooling and thorough rinsing with deionized water, the material was hydrothermally treated in saturated water steam at 600°C for 24 h, followed by vacuum drying at 120°C for 12 h. The treated zeolite crystals were dispersed in distilled water and sealed in a stainless steel cylinder by a steel piston (Figure 1) . The cross-sectional area of the piston was 286 mm 2 . The piston was driven into the cylinder with the loading rate ranging from 0.03 to 30 mm/min. Typical sorption curves are shown in Figure 2 , where the specific infiltration volume, ∆V, was taken as the difference between the piston intrusion volumes of the testing sample and a reference system that contained only distilled water, normalized by the mass of zeolite, m ) 0.512 g. The corresponding temperature change at the center of the cylinder was measured by a type-E thermocouple insulated in a polyurethane cell ( Table 1 ). The heat capacity of the water-zeolite suspension, C, was measured as 3.4 J/g·K through a differential scanning calorimetry analysis.
Since the nanopore surfaces are hydrophobic and the nanopore size distribution is uniform, according to eq 2, when the pressure p is relatively low, no infiltration should take place, as shown in the insert of Figure 2 . Shortly after the external pressure is applied, infiltration begins, suggesting that the value of infiltration pressure (p in ) is quite small. From Figure 2 , it can be seen that when the loading rate largely changes by 3 orders of magnitude, the variation in sorption isotherm curves is negligible. When the loading rate is 0.03 mm/min, the infiltration is completed in about 400 s. Since the zeolite crystal size is 5-10 µm, the average infiltration rate can be assessed as about 10 nm/sec. As the loading rate is increased to 30 mm/min, the nominal infiltration rate becomes 10 µm/sec. When the loading rate is relatively high, the infiltration process cannot be regarded as quasi-static, since according to the Poiseuille flow solution (eq 1) the variation in δp should be significant as V j changes. The insensitivity of the sorption isotherm curves to the infiltration rate, together with the presence of the secondary infiltration plateau (BC) that will be discussed below, indicates that the confined liquid behavior does not follow the continuum theory.
Once the infiltration starts to take place, the measured sorption isotherm curves also conflict with the prediction of the Laplace-Young equation. As the infiltration volume increases, the pressure rises somewhat linearly, until p reaches about 60 MPa, where a secondary infiltration plateau is formed and ∆V increases more rapidly with the increase of p. Eventually, when the nanopores are filled, the system compressibility is lost and the slope of sorption curve tends to infinity. That is, once the infiltration starts, the nanopore size is not the only factor that affects the required pressure; otherwise the sorption curve would be flat (insert of Figure  2 ).
The calometric measurement results shown in Table 1 indicate that the liquid infiltration is an exothermic process. The system temperature increases with the infiltration volume (from A to C) and when the infiltration is completed the temperature variation stops (from C to D). The temperature change is insensitive to the large variation of the loading rate, which again is contradictory to the continuum theory that more work needs to be done to maintain a higher flow rate of a viscous liquid (eq 1).
In order to understand the experimental observation, a MD simulation was performed by using COMPASS force field. 30 A straight silicon dioxide nanochannel (Figure 3a ) of a surface-to-surface diameter (distance between two opposite oxygen atoms) D 0 ) 0.83 nm was employed as a close analogue to the MFI zeolite nanopore. One end of the Figure 2 , A indicates the onset of loading; B indicates the beginning of the secondary infiltration plateau; C indicates the end of the infiltration plateau; and D indicates the peak loading.
nanochannel was closed, providing a simplified boundary condition for the symmetric compression of liquid from both ends of a long nanopore. During simulation, the nanotube was immersed into a 45 Å × 45 Å × 200Å reservoir bound by two rigid planes in the axial direction with periodical boundary conditions in the transverse directions. Initially, the reservoir was filled with water molecules with the density being maintained at 1 atm and 300 K. The liquid-to-nanopore mass ratio is set to be the same with the experiment. By moving the reservoir boundary axially, the pressure of water was varied. The effective pressure was computed from the state function of water. The redistribution of water molecules with pressure variation reflects the adiabatic pressure-driven infiltration. Note that the area accessible to the infiltrated molecules is smaller than that enclosed by the solid wall, primarily due to the van der Waals interaction, and thus the effective diameter of the liquid segment, D, is defined as (D 0 + D 1 )/2, where D 1 is the diameter of the ring formed by the O atoms in the outmost layer of infiltrated water molecules. For the present MFI zeolite D ) 0.6 nm.
With a rising p, the potential energy of liquid in reservoir is increased until the molecules are capable of overcoming the energy barrier to enter the tube. The energy barrier includes two components. First, on average each water molecule loses two hydrogen bonds when it enters the tube 18 and thus it could reorganize into a quasi-one-dimensional column; the change of free energy of the infiltrated molecules (with respect to the bulk phase) is ∆E. Second, the infiltrated liquid molecules are subjected to van der Waals and electrostatic interactions with nanopore atoms, and this term is denoted as U. The summation of ∆E +U is the total energy difference before and after infiltration, and when it is normalized by the lateral surface area of occupied nanochannel, it gives the effective excess solid-liquid interfacial tension, ∆γ. 31 For the current system, ∆E and U per unit lateral area were calculated as 117.10 and -116.86 (Cal/ mol)/Å 2 , respectively, and thus ∆γ ) 0.24 (Cal/mol)/Å 2 , indicating that the nanochannel was hydrophobic. Note that the effect of nanopore curvature has been incorporated in the calculation of ∆E and U, and thus the reported value of ∆γ is valid only for the current pore geometry. According to eq 2, the infiltration pressure, p in , should be 1.11 MPa, which matches well with the pressure at the onset of infiltration in the MD simulation ( Figure 4 ) and is in qualitative agreement with the experiment observation, which supports the definition of the effective nanopore diameter of D discussed above. At moderate pressure levels, Figure 3b shows the configuration of infiltrated water molecules, which form a helical water chain, compatible with the simulations of water conduction in carbon nanotubes of similar radii. 18 Before the water chain encountered the capped end, the infiltrated segment continuously grows along the axial direction. After the water segment reached the end with continued increase of p, starting from the pore opening the water molecules in the original helical chain move along the radial direction so as to one-by-one accommodate the newly infiltrated water molecules, and such "dislocation-like" propagation finally leads to the formation of a second helical water chain so as to alleviate the high potential energy (Figure 3c ). Figure 4 shows p as a function of ∆V computed from the MD simulation, where the infiltrated water volume is normalized by a weighted mass of nanochannel to account for the geometrical difference between the straight pore used in simulation and the MFI zeolite in the experiment. It is readily seen that p increases almost linearly with ∆V after the infiltration has occurred, which implies that the continued infiltration has to overcome not only the initial energy barrier (characterized by p in ) but also a certain resistance that varies with the infiltration volume. The latter will be referred to as column resistance in the following discussion. After the double-helical structure is formed, the column resistance is reduced slightly; that is, the first water chain could ease the entrance of the molecules in the second chain. This twostaged characteristic of sorption curve fits with the experimental data quite well. With L denoted as the infiltrated length, the additional resistance can be stated as ηL, where η is the resistance per unit lateral surface area. When D is 
By combining p in and ∆p, the total required pressure becomes
The column resistance is offered by solid atoms to the water molecules sliding against them. In a nanopore with the diameter comparable with the liquid molecular size, all water molecules are exposed to the solid surface, whose resistance is proportional to its effective length. There are two ways of calibrating the resistance parameter (η) of the present system. First, directly from the fitting of the slope of the infiltration test p-∆V curve in Figure 4 , η was computed as 3.09 MPa according to eq 3. In the second method (which serves as an independent verification), an independent deceleration test was carried out for the same nanochannel and a single-chain water segment composed of 50 molecules. An initial axial velocity was assigned to this segment, and if the column resistance η plays an important role, the segment would be continuously decelerated and the resistance force could be estimated from the deceleration rate. On the basis of the velocity history of the mass center of the water molecules and from a large amount of simulations, η was computed to be 5.58 ( 0.4 MPa, which qualitatively agrees with that fitted from the infiltration test. Thus, we confirm that in such a small nanopore, the column resistance, η, could prominently affect the nanofluidic behaviors (for both transport and pressurized infiltration). Therefore, in the study on the motion of pressurized liquid in nanoenvironment, the Laplace-Young equation must be modified as eq 4, especially when the pore size is smaller than a few nanometers where the no-slip boundary condition is no longer valid; otherwise the column resistance would be independent of the infiltration depth. Here we show that such column resistance is important for the continued transport of liquid molecules in hydrophobic nanopores, and the principles can be extended to other types of nanotubes and nanochannels. 32, 33 The kinetic energy dissipated by the resistance is converted into the thermal vibration of the tube lattice and the kinetic energy of the water molecules, thereby increasing the system temperature ( Table 1) . As shown in Figure 4 , the reservoir temperature computed from MD also increases almost linearly with ∆V and the increasing rate is slowed down during the second stage of infiltration. At the end of the infiltration process, the temperature is raised by about 1.3 K, comparable with the testing results. Here, the temperature variations can be directly compared because simulation uses the same liquid-to-nanopore mass ratio as experiment. Because the solid-liquid interaction is determined by the potential functions and is quite insensitive to the motion of water molecules, the temperature variation as well as the column resistance is independent of the infiltration rate.
During the pressure-induced infiltration, the mechanical work done to the system, W M , is converted to two different parts: the interface energy, W in , and the thermal energy, W t . The first part corresponds to the area below the p in line in Figure 4 , which increases linearly with the infiltrated water volume. The second part is for overcoming the column resistance and is dissipated as thermal energy. In Figure 4 , W t is denoted by the area above the p in line and below the p-∆V curve. Ideally, if all the work done to overcome the column resistance W t is dissipated as thermal energy with ∆TC)W t , one could estimate the temperature increase by the end of infiltration process as ∆T ) 1.1 K, which is at the same order of magnitude of Figure 4 .
In summary, in a nanopore with the diameter comparable with the liquid molecule size, most of the infiltrated water molecules are in direct contact with the solid surface, which causes a significant resistance to their motion. 34 With a constant infiltration rate, a part of the external work is converted to the effective solid-liquid interfacial tension, which can be captured by the classic Laplace-Young equation. The rest of work is dissipated as heat, overcoming the energy barrier of solid atoms. The second part increases with the infiltration volume, and therefore the infiltration pressure is no longer a system constant. In the MFI zeolite under investigation, both experiment and simulation results show that the second part is dominant, which must be taken into consideration in studies on pressurized nanofluidics. A modified Laplace-Young equation is developed to account for both of the mechanisms. It is also discovered that when the applied pressure is relatively high, the single-chain structure of confined water molecules is no longer stable; a double-helical structure can be more energetically favorable. Such conformational changes could perturb the energy barrier related with pressure-induced transport of water molecules, and cause a different dissipation rate.
